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1. Description of Invention 

The invention is concerned with a method and apparatus to monitor the 
glucose level of diabetes patients with an optical and noninvasive 
technique . 

Presently, dependable glucose monitors rely on taking blood 
samples from diabetes patients . Repeated pricking of skin can cause 
considerable discomfort for patients. It is therefore desirable to 
monitor the glucose level in a noninvasive manner. 

It is well known that glucose in blood possesses "signature" 
optical absorption peaks in a near-infrared (NIR) wavelength range. It 
is also appreciated the main obstacle in noninvasive monitoring of 
glucose is due to the fact that a probing light beam interacts, in its 
path, with various types of tissues and substances which possess 
overlapping absorption bands. Extracting the signature glucose peaks 
amongst all other peaks has proven difficult. 

This invention addresses the difficulty through "coherence 
gating", a technique by which one can acquire the absorbance spectrum 
of a particular and designated layer beneath the skin surface. For 
glucose monitoring, the designated layer is preferably the dermis laye 
where glucose is concentrated in a network of blood vessels and 
interstitial fluid, as shown in Fig. 1. 




Figure . l 



The coherence gating is accomplished by the use of a low- 
coherence interferometer. There are many possible optical 
configurations for the low-coherence interferometer. Figure 2 shows one 
design based on a Michelson interferometer. 
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Figure 2 



In the design shown, the light source emits broadband NIR 
radiation covering the characteristic absorption peaks of the glucose. 
The polarizing beam splitter, PBS1, splits the light into two parts 
which are mutually orthogonal in polarization to one another. While one 
part is directed towards a mirror, R, to be the reference beam the 
other is incident on the skin of a patient. The two polarization 
rotators, PRl and PR2, render the polarization states of the two 
reflected beams orthogonal to their original states so that they are 
recombined at PBS1 and propagate towards the detection subsystem. The 
tunable bandpass filter, TBF, allows a variable portion of the spectrum 
in the reflected beams to reach the detectors. The movable mirror can 
be positioned so that its distance from PBS1 matches that between PBS1 
and a desirable interface in the skin. Due to the low coherence, only 
the reflected (or backscattered) light originated in the vicinity of 
the matching interface can form interference fringes with the reference 
beam. Temporal interference fringes {intensity oscillation) can be 
generated with the help of the phase modulator. 

For the simplicity of description let us assume that the 
wavelength dependent attenuation coefficient of the epidermis layer is 
H t (X) and that of the dermis fa(X) . These attenuation coefficients are 
closely related to the absorbance spectra of the layers. Let us further 
assume that the tissue in the vicinity of interface I (II) possesses an 
effective reflection coefficient r z (r n ) . Interface I separates the 
epidermis and the dermis; and interface II separates the dermis and the 
subcutaneous tissues. 

■ 

Let us first position the mirror at I' to approximately match 
interface I. The reflected light originated around the interface 
creates an interfering echo whose amplitude is given by 



where z e is the thickness of the epidermis. Now if we relocate the 
mirror to II' to approximately match interface IT, r JZ gives rise to a 
different interfering echo whose amplitude is given by 

ik(A)=r 0 e- 2 * w *- 1 * w * (2) 

where z d is the thickness of the dermis. With the use of the phase 
modulator these echoes interfere with the reference and produce 
proportional intensity oscillations measurable by the detector. To 
acquire the absorption characteristics of the dermis one can divide Eq, 
(2) by Eq. (1) to obtain 

MX) n 

We have thus acquired, with Eq". (3), the absorption characteristics of 
the dermis layer only. The absorbance spectrum of the dermis is closely 

represented by coefficient pt(X) because of the weak wavelength 
dependence of scattering. 

It is known that the superficial epidermis layer, owing to its 
pigment content, is the dominant source of NIR absorption. Because of 
the absence of blood, however, the epidermis yields no useful 
information for glucose monitoring. With the invented method we can 
acquire .solely the absorbance spectrum of the dermis layer by rejecting 
the absorptions of the epidermis and the subcutaneous tissues. An 
additional advantage is from the fact that dermis exhibits less 
temperature variation compared to the epidermis. It is known that 
surface temperature variation causes shifts of water absorption, 
hampering glucose monitoring. 

• 

In the above discussion it has been assumed that the pass band of 
the tunable filter is broad enough to facilitate the coherence gating 
and at the meantime narrow enough to resolve the characteristic glucose 
peaks. Let us now examine whether the assumption is reasonable and 
practical . 

It is known that some predominant glucose absorption peaks reside 
in a wavelength range between 1 and 2.5 microns, as shown in Fig. 3. 
The width of these peaks are approximately 150 nm. To resolve the peaks 
let us choose the bandwidth of the tunable bandpass filter to be around 
30 nm. The depth resolution (gating ability) is determined by the 
following equation: 

♦ 

21n(2)V " 

v 7 0 =60/xm (4) 

7t AA 

The thickness of the epidermis is typically 0.1 mm and that of 
the dermis typically 1 mm. The above analysis (Eq. (4)) indicates that 
the coherence gating technique, described above can comfortably resolve 
both the absorption peaks and the skin layers . It is therefore feasible 
to isolate the absorbance spectrum of the dermis layer from the 
. epidermis and the subcutaneous tissues. 
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Figure. 3 



To acquire the absorbance spectrum of the dermis layer one may 
operate the apparatus shown in Fig. 2 in this sequence: 1) locate the 
mirror at I' so that its distance matches the interface separating the 
.epidermis and the dermis layers (position I); 2) scan the tunable 
bandpass filter across the span of the glucose signature peaks while, 
recording the amplitude of the light intensity oscillation so that 
Eq. (1) is acquired; 3) relocate the mirror to II' so that its distance 
matches the interface separating the dermis and the subcutaneous 
tissues (position II); 4)repeat the process of step 2) so that Eq. (2) 
is also acquired. The absorbance spectrum of the dermis can be found by 
using Eq. (3) . It should be appreciated that additional signal 
processing is necessary in order to determine the glucose concentration 
from the measured absorbance spectrum of the dermis. 

The tunable bandpass filter can be one of the following devices: 
an electro-optically tunable filter, a rotatable fixed bandpass filter 
or a rotatable grating. The polarization rotators in the design can be 
quarter-wave plates or Faraday rotators. The movable mirror can be 
replace by a non-mechanical device such as a liquid- crystal cell or a 
combination of polarization rotators and birefringent crystals. 

It should be appreciated that the use of the two detectors along 
with the second polarizing beam splitter, PBS2, facilitates a 
differential detection scheme for high signal to noise ratio. It is 
obvious that one can simplify the design to include a single detector 
with a linear polarizer. 

2. Embodiment with Non-polarized Beams 

It is not necessary to arrange the polarization of the light beams in 
the way described above. An alternative optical configuration for the 
same purpose is shown in Fig. 4. In this design the polarizing beam 
• splitter is replaced by a non-polarizing beam splitter. The 
polarization states of the light beams can be arbitrary. With this 
design, however, only half of the light energy reaches the detector. 
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S: Broadband NIR light source 
R: Mirror 

M: Phase modulator 

BS: Beam splitter . 

L: Focusing tens (optional) 

TBD: Tunable bandpass filter 

D: Detector 
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Figure 4 



3. Embodiment with Detector Array 

The absorbance spectrum can also be resolved by a dispersive device and 
a detector array instead of the tunable bandpass filter. In the design 
shown in Fig. 5, a reflective grating is coupled with an array of 
detectors. With this design the speed of data acquisition can be 
substantially increased through parallel processing. This design can 
also be reconfigured to accommodate polarized light beams, similar to 
what shown in Fig. 2. 
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Figure 5 



4. Embodiment without Spectrum Analyzer 



The absorbance spectrum of the substances may also be acquired by means 
of post -detection signal analysis without the help of a tunable 
bandpass filter or a grating with detector array. This simplifies the 
design shown in Fig. 2 to that in Fig. 6. The same simplification can 
be applied to the non-polarizing version shown in Fig. 4. 
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Without a spectrum analyzer the absorbance spectrum of the 
tissues may be directly calculated from the intensity oscillation 
created by the interfering beams of the whole spectra. Certain 
mathematical transformations, such as a suitable wavelets 
transformation, may be adopted for such task. 
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5: Broadband NIR light source 
R: Mirror 

M: Phase Modulator 
PBS1: Polarizing beam splitter 1 
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PR1: Polarization rotator 1 
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Figure 6 
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